The Development of moelcularly imprinted polymer nanoparticles (MIP-NPs), which specfically bind biomolecules, is of great interest in the area of biosensors, sample purification, therapeutic agents and biotechnology. Polymerisation techniques such as precipitation polymerisation, solid phase synthesis and core shell surface imprinting have allowed for significant improvements to be made in developing MIP-NPs which specifically recognise proteins. However, the development of MIP-NPs for protein templates (targets) still require lengthy optimisation and characterisation using different ratios of monomers in order to control their size, binding affinity and specificity. In this work we succesfully demonstrated that differential scanning fluorimtery (DSF) can be used to rapidly determine the optimum imprinting conditions and monomer composition required for MIP-NP design and polymerisation. This is based on the stability of the protein template and shift in apparent melting points (Tm) upon interaction with different functional acrylic monomers. The method allows for the characterisation of molecularly imprinted nanoparticles (MIP-NPs) due to the observed differences in melting point profiled between, protien -MIP-NPs complexes, prepolymerisation mixtures and non -imptrinted nanoparticles (NIP-NPs) without the need for prior purification. The technique is simple, rapid and can be carried out on most quantitative polymerase chain reaction (qPCR) thermal cyclers which have the required filters for SYPRO© orange and could lead to the rapid development of MIPs nanoparticles for proteins.
Introduction
Molecularly imprinted polymers (MIPs) are synthetic based receptors which can recognise and bind to a large number of molecules. They are an attractive alternative to natural antibodies demonstrating comparable binding affinities and specificity towards their targets as well as some in vivo activity 1,2 . MIPs show greater stability, are relatively cheap to synthesise when compared to natural antibodies and have been demonstrated in a number of different applications including biosensing, biomedical and pharmaceutical applications 3 .
Although progress has been made in imprinting small molecule templates, imprinting MIPs for biological macromolecules remain a challenge. Macro biomolecules are incompatible with organic solvents and require polymerisation to be carried out in aqueous solutions [4] [5] [6] [7] . In order to overcome some of these issues, several publications have reported on the synthesis of molecularly imprinted polymer nanoparticles (MIP-NPs) or plastic antibodies from solution based precipitation polymerisation 8 . MIP-NPs for a number of proteins and small peptides such as IgG, lysozyme and tryptophan have shown good binding affinities, selectivity and typically have hydrodynamic diameters of between 50-200 nm 9, 10 . This method can be carried out in aqueous solution as well as allowing more facile template removal by incorporating thermally responsive monomers into the structure of the MIP-NPs.
The synthesis of core-shell based nanoparticles for proteins where imprinting is carried out on the surface of the nanoparticle has also been reported in the literature allowing for multiple binding sites to be formed as well as utilising the properties of the encapsulated nanoparticles [11] [12] [13] . More recently, solid phase based methods for the synthesis of MIP-NPs have been demonstrated using biological macromolecules immobilised onto glass beads [14] [15] [16] [17] . This method also helps to prevent encapsulation of the protein and allows for the effective elution of high affinity MIP-NPs without further purification. In addition, the orientation of the template can be fixed resulting in the synthesis of a more uniform MIP-NP with the same active binding site 18 .
The current described methods for developing protein MIP-NPs often require lengthy optimisation involving the screening of a number of reaction parameters such as the type and concentration of acrylic monomer used, concentrations of the initiator and catalyst ammonium persulphate (APS) and N,N,N',N'-tetramethylethylene-1,2-diamine (TEMED), as well as reaction times and polymerisation temperatures. The success of polymerization can then only be accessed after purification by measuring the binding affinity and selectivity of the MIP-NPs 36 . 
Experimental

Materials and Methods
SYPRO®
Synthesis Procedures
Batches of MIP-NPs were scaled up to 50 ml reactions using the optimised monomer concentrations determined from DSF experiments. The resultant mixtures were then purified using dialysis with a 50 MW cut off membrane and was exchanged in PBS to determine yield.
The absence of the protein from the purified MIP-NP was confirmed by taking a 45 µl aliquot before and after and measuring the melting profile as described previously. A 10 ml aliquot was then exchanged in water before freeze drying and the yield was recorded. The solution of MIP-NPs was characterised using DLS and TEM. The size distribution and polydispersity index (PDI) were determined on a zeta sizer Nano (Nano-S) from Malvern Instruments.
Samples of MIP-NPs were filtered using a 1.2 µm diameter syringe filter and sonicated for 30 seconds. Samples were analysed at 25 o C in 3 cm 3 disposable polystyrene cuvettes (1.1 ml).
For TEM experiments, the samples were again filtered using a 1.2 µm diameter syringe filter and sonicated for 30 seconds. A 10 µl sample was then dried overnight on a copper grid.
Images were taken using a Philips CM20 Transmission Electron Microscope.
The KD of each batch of MIP-NPs were measured using surface Plasmon Resonance SPR. 50 µg ml -1 of β-lactoglobulin was immobilised onto the sensor surface via an amine coupling protocol. A self-assembly monolayer was formed on the surface of the chip by immersing it into a solution of 5 mM mercaptodecanoic acid for 24 hours. The resultant chip surface was The selectivity of the MIP-NPs towards BLG was assessed by injecting 50 µl of MIP-NP (0.035-36 µg ml -1 ) over each spot and measuring the response towards different protein.
Results and Discussion
Experiments were performed to determine which concentration of protein would give the most stable and reproducible melting profiles. In 10 mM phosphate buffered saline pH 7.4 (PBS), the melting profiles of different concentrations of BLG in PBS buffer showed that concentrations higher than 1 mg ml -1 gave a signal analogous to a saturated fluorescence signal, which was above the working range of the thermal cycler (Fig. 1A) . As the concentration of the protein is reduced, a decreasing melting profile peak was observed with an apparent melting point (Tm) of 31.4 ℃. The negative control of buffer in the absence of BLG gave a low stable background fluorescence signal with increasing temperature. For subsequent DSF experiments, protein concentrations of 0.2 mg ml -1 were chosen to allow for any observed changes in the melting profile and Tm upon interaction with the monomers.
Screening of self-assembling monomers and MIP-NP characterisation using DSF
The screening for self-assembly of monomers onto the protein molecule carried out by MIP-NPs were characterised from 1 ml reactions containing, 0.2 mg ml -1 of protein and 6.5 mM of the monomers and cross linker at the same molar ratios as described for the prepolymerisation mixture and were subsequently allowed to polymerise with the addition of APS and TEMED. NIP-NPs were also prepared in the same fashion as described for both the prepolymerisation mixture and MIP-NPs but without the protein template. A negative control containing the same molar ratios of monomer as used for the pre-polymerisation mixture, MIP-NP and NIP-NP mixtures was also setup to determine whether the monomers had any effect on the fluorescence signal. Samples for analysis were prepared by mixing 5 µl of SYPRO® orange dye and 45 µl aliquots of each sample into strips of 100 µl PCR tubes containing optical lids.
The initial composition of monomers used to assess the applicability of DSF was based on those given by Hoshino 8 and Poma et al 14 and contained a molar ratio of 53 % NIPAm, 40 % TBAm, 5 % Acrylic acid, and 2 % BIS crosslinker 8, 38 . Melting profiles showed distinct differences in profile shape and fluorescence signal between, pre-polymerisation mixture, MIPNPs, NIP-NPs and the negative control (Fig. 1B) . The NIP-NPs and negative control gave a low background fluorescence signal as seen for the negative control suggesting that SYPRO® orange requires the presence of the protein for a fluorescence signal to occur. The melting profile of the pre-polymerisation mixture containing protein in the presence of the acrylic monomers showed a slightly lower Tm compared to the native protein at the same concentrations. This suggests that the original acrylic monomer composition tested has destabilising effect on the protein upon binding due to the presence of a higher proportion of hydrophobic monomers compared to hydrophilic monomers. Our initial expectation was that BLG would form more hydrophobic interactions with TBAm and increase the apparent melting point of BLG due to it being a Lipocalin protein 39 . The melting profile observed for BLG MIP-NPs, showed a large initial fluorescence signal which gradually decreased with increasing temperature. This is analogous to the melting profiles seen for partially unfolded proteins.
There are three possible explanations for this observation, although they are not mutually exclusive. The first explanation is that the protein unfolds upon polymerisation, and hence causes a change in the recognition shape. The next reason is that hydrophobic pockets are formed between the MIP-NP and protein allowing more dye molecules to bind. The fluorescence signal from the dye is then slowly quenched as water molecules are allowed into the binding site as the protein slowly dissociates from the MIP-NP with increasing temperature.
The last explanation is that protein: MIP-NP aggregation is occurring upon polymerisation in the absence of any detergent.
In order to access whether DSF could be used as pre-optimisation step through the analysis of protein stability in the presence of the monomers, a number of different monomer protein pre polymerisation mixtures were tested. 
Investigation of MIP-NP aggregation
The Melting profiles of the pre-polymerisation mixture containing a monomer composition of 20% NIPAm, 20% TBAm, 58 % Acrylic acid, and 2% BIS (Fig 3, A) gave a higher increase in Tm and decrease in the intensity of the peak signal which suggests a higher protein stability compared to the native protein melting profile (Fig 3, B) while still retaining the thermal responsive properties of the MIP-NPs and was chosen for all subsequent experiments. The same melting profile was observed for all MIP-NPs (Fig 3, C) regardless of the ratio of monomers in the mixtures suggesting that the monomer composition had little impact on the degree of polymerization or protein: MIP-NP aggregation. These results may even suggest that the reaction conditions are a critical parameter in maintaining the native structure of the protein during molecular imprinting rather than increasing the extent of self-assembly of acrylic monomers onto the protein. These results suggest that DSF can be used as a qualitative method to characterize the formation of MIP-NPs and to screen for self-assembly of monomers towards a protein. The melting profile for the NIP-NP (Fig. 3, D 40 .
Melting profiles of the optimised pre-polymerisation mixture, MIP-NPs and NIP-NPs in the presence and absence of 0.02 mg ml -1 SDS were measured (Fig. 4) . When compared to the melting profile of the pre-polymerisation mixture containing no SDS (Fig. 4, A) , a further shift in melting point and a very small increase in signal from the baseline was observed for the prepolymerisation mixture containing SDS (Fig. 4, B) suggesting that SDS does indeed bind to the protein and also contributes to the protein stability at low concentrations.
When the melting profiles of the MIP-NP reaction in the absence of SDS (Fig. 4, C) is compared to the MIP-NP in the presence of SDS (Fig. 4, D) , the former shows a lower initial fluorescence signal which increases slightly with increasing temperature before decreasing after 50 ℃. Again the melting profile of the NIP-NPs show only a background fluorescence signal. These results confirm that SDS detergent can assist MIP-NP synthesis by preventing nanoparticle aggregation at low concentrations. SDS can also be said to act as a binding competitor with the monomers and SYPRO® orange dye for binding to the protein which may impede crosslinking of the monomers around the protein and reduce the possibility of encapsulation. These results also demonstrate that there is very little protein encapsulation observed after the polymerization due to the decrease in signal from the MIP-NPs. If encapsulation is observed in the majority of MIP-NPs formed then a higher fluorescence signal should be observed which stays relatively constant with temperature as in theory the protein will be prevented from unfolding regardless of temperature.
Assessment of MIP-NP performance
To assess the binding affinity and selectivity of the MIP-NPs for β-lactoglobulin with the optimised monomer ratios, the MIP-NPs were synthesised by scaling up the reaction to 50 ml.
Mixtures containing the protein and monomers were degassed to remove the oxygen in the sample by sonicating under vacuum. The reaction was again initiated using APS and TEMED.
The resultant MIP-NPs were purified using dialysis membrane with a 20 KDa MW cut-off and with frequent water changes over 4 days. The removal of the protein was confirmed by measuring the melting profile before and after dialysis (supporting information Fig. S1 ). The absence of any signal from the MIP-NPs after dialysis confirmed the effective removal of the template. The purified sample was then characterised for size distribution and PDI using DLS.
The size of the MIP-NPs was determined to be 194 ± 3.71 nm while the PDI was 0.191 ± 0.038.
The TEM image of the MIP-NPs (Fig. 5) confirms the presence of the MIP-NPs but suggests that the MIP-NPs shrink in size upon drying. . A similar TEM image was obtained for the NIP-NP although the particle sizes do differ from the TEM given for the MIP-NP (supporting information Fig S2) .
Apparent binding affinities (KD) and the selectivity of BLG MIP-NPs were assessed using an SPR sensor. β -lactoglobulin was immobilised on channel 1 using an amine coupling protocol 
